Abstract-Hybrid switching devices utilize the advantages of both conventional electrical contacts and solid state electronics to minimize arcing during opening and closing operations. This can result in higher reliability and reduces the need for high cost specialist contact materials. The hybrid switch does not eliminate arcing completely, due to the inductive nature of circuits; micro-arcing is known to occur.
I. INTRODUCTION
T HE method of actuation of switching contacts has a direct influence on contact performance and reliability, [1] . Welding of the contacts can occur [2] and has been shown to occur at the beginning of separating the contacts under an arc [3] . The arc also causes contact erosion and transfer of material [4] leading to degradation of the system. All this has led to the development of specialist alloys [1] , [5] . In medium/high power devices, arc control mechanisms are used; for example, de-ionising chambers, these increase the size and weight of the device. This is particularly undesirable in aerospace applications. Semiconductor devices have some advantages over conventional switching methods [6] , as they provide both arc-less and faster switching. However there are some limitations in using semiconductors, where the conventional mechanical device offers improved performance. The conventional mechanical device has a higher degree of isolation in the open (off) state requiring high breakdown voltages to conduct, and a lower volt-drop across the device when in the closed (on) state.
A hybrid switching discussed here combines the advantages of both technologies [7] . The main advantages of the hybrid switch are: 1) arc minimization to improve performance, reliability and reduce the need for expensive specialist contact materials, 2) faster switch response, and 3) physical electrical isolation. Semiconductors have been the favoured technology for hybrid switching but there are alternatives technologies which have been investigated, [8] - [14] . Micro-arcing has been shown to occur in hybrid switching devices, which leads to erosion at the contact surface [8] . The phenomenon occurs on opening, due to commutation of the current from the separating contacts to the semiconductor circuit. This study investigates the impact of micro-arcing on the erosion characteristics of hybrid switch contacts.
A hybrid switch is presented for low voltage automotive applications, since increasing demands on the power systems in automotive systems has led to the application of system voltages above the 12-14 V standard.
II. EXPERIMENTAL ARRANGEMENT

A. Hybrid Switch
The hybrid switching device presented consists of two groups of components as illustrated in Fig. 1 : The mechanical components of contacts arranged as a series of switches and the electronic components utilising a MOSFET arrangement fitted in parallel to switches S1 and S2.
1) Series Switches:
A series of contacts makes up three switches which are operated by a solenoid such that they open in sequence: S1, S2 and S3. They close in the reverse sequence: S3, S2 and S1. Switch S1 is connected to terminal T1 and T2 as in Fig. 1 (Contacts T1b and T2a), S2 is connected to terminals T2 and T3 (Contacts T2b and T3a), and S3 is connected to terminals T3 & T4 (Contacts T3b and T4a). Switches S1 and S2 turns the MOSFET on/off on opening/closing. Switch S3 is an isolation switch [7] .
2) MOSFET Arrangement: A MOSFET and potential divider are connected to the three switches as illustrated in Fig. 1 . This is used to bypass the current away from the contacts and switch the current during opening and closing (break and make). 
B. Experimental Procedure
The hybrid switch is tested under three different states to evaluate the extent of contact erosion in each of these states: 1) opening and closing the switch contacts under load, 2) opening the contacts under load and closing with the power supply disabled, and 3) closing the contacts under load conditions and opening with the power supply disabled. New contacts are used for each test.
Up to 2000 open and close operations are conducted upon the hybrid device for the particular load conditions. Pure silver contact materials are used.
Resistive Load: The load is set to give 8 A using a 4.75 resister bank. The contacts are open/closed at a typical velocity of 1 ms .
Inductive Load: Under inductive load a 38 mH inductor is placed in series with the resistance. The contacts are open/closed at a velocity significantly reduced to enable the MOSFET to turn off (0.1 ms ).
C. Analysis Procedure 1) Voltage/Current Characteristics:
The voltage drop is measured across the whole hybrid switch (between T1 and T4) and across the MOSFET (between T1 and T3). The current through the hybrid switch is monitor using a current clamp probe at terminal T4.
2) Contact Surface Analysis: A non-contact 3-D profiler is used to analyses the surface condition of the contacts [15] . This is used to determine the extent of erosion in terms of volumetric deposition and removal. Volume measurements are used instead of mass measurement due to the small changes caused by micro arcing, and the fact that material is moved around the surface of a contact and not necessary lost from the surface [16] . The minimum volume measurable in the arrangement and software used is 10 m . Fig. 2 shows three typical plots of voltage and current characteristics of the hybrid switch under resistive load on opening. Three events are identified, indicating when the three switches S1, S2, and S3 open. The next event occurs at 4 ms when switch S2 starts to open. This turns off the MOSFET which takes 0.2 ms for the current to reach 0 A in Fig. 2(c) . The voltage drop across the hybrid switch then increases to the open circuit voltage and remains at that value (38 V). Fig. 2(b) is a voltage profile between terminals T1 and T3, it shows a similar profile to Fig. 2(a) . The third event, clearly seen on Fig. 2(b) , is the opening of switch S3. Switch S3 is an isolation switch, isolating T3 (and the MOSFET Drain terminal) from the load. After the third event, the voltage developed across the MOSFET decays to zero. Fig. 2(c) shows the load current. The current is zero when the MOSFET is switched off at 4 ms by Switch S2 opening.
III. RESULTS
A. Voltage and Current Characteristics 1) Resistive Load Opening Characteristics:
2) Resistive Load Closing Characteristics: Fig. 4 shows three typical plots of the voltage and current characteristics of the hybrid switch under resistive load, on closing. Three events of switch closure can be seen along with other events due to contact bounce. The closure of switch S2 is seen on all three plots. During this event the MOSFET switches on permitting a current (7 A) to flow through the MOSFET. Two bounce events of switch S2 occur after this resulting in the current being switch off and on. Switch S1 closes to permit the current to flow through the series switches bypassing the MOSFET, allowing 8 A to flow. This change in current level from 7 to 8 A is clearly depicted in Fig. 4(c) . Four bounce events of switch S1 are indicated on the plots in Fig. 4 with a voltage plateau of 4 V, below the minimum arcing voltage. Fig. 4 (a) and (b) indicate possible arcing events at the beginning of each bounce by a voltage peak. These events last for 50 5 s.
3) Inductive Load Opening Characteristics: Fig. 5 is a typical plot of the voltage drop across T1 and T3 and the current through the circuit of an inductive load. Three features are markedly different from the data presented in Fig. 3 of the resistive load condition. First, the voltage drop has exceeded the power supply voltage to a value of 75 V. Secondly, when the MOSFET turns 
B. Erosion Characteristics
It should be noted that the hybrid design tested has not been optimized to reduce contact bounce. Fig. 6 is a 3-D surface profile of a flat silver contact (anode) from a conventional switch which has undergone arcing. The switch used is the hybrid switch with the MOSFET circuit disabled. The contact has undergone five opening and closing operations with a second contact (not shown) at 8 A resistive loading at 38 V make and break. Arcing took place during this test resulting in erosion on the contact as indicated on Fig. 6 . Material is both removed and deposited in the erosion region toward the middle of the contact.
1) Erosion of a Conventional Switch:
A micrograph of the erosion region is given in Fig. 7 . There is extensive discoloration around and in the eroded area. The amount of material removed from the surface of this contact is found to be 2.8 10 mm and the amount of material deposited is 2.7 10 mm . This gives a removal (and deposit) rate of 5. 6 10 mm per operation. This is found using the non-contact 3-D profiler as mass measurement would not differentiate between removal and deposition. This result indicates that this is close to a net zero mass change. Fig. 8 shows six 3-D profiles of the contacts used in the hybrid switch using 8 A resistive loading at 38 V. This test was run for 2000 opening and closing operations under load. Many significant erosion features can be seen on the surfaces with material removal and deposition.
2) Erosion on Opening and Closing the Hybrid Switch:
Contact terminals T4a, T3a and T2a are anodes and indicated mainly material removal with some material deposition. Contact terminals T3b, T2d and T1b are cathodes and indicated erosion with some material removal but more deposition. Fig. 9 is a micrograph of contact T4a the contact exhibiting one of the greatest amount of erosion of the six contacts. This shows minimal discoloration compared to the convectional switch contact in Fig. 7 which underwent extensive arcing. There is some discoloration in Fig. 9 around the periphery of the eroded area.
The erosion of each contact in the hybrid switch under load conditions at opening and closing is determined using the 3-D profiles [15] . removal, however the plot is only of the dominate process for a particular contact, material deposition or removal. The worst case contact (T3b) shows a deposition rate of 12.5 10 mm per operation which is 45 times smaller than the conventional switch. Fig. 11 is a bar chart of the material removed and deposited on the respective contacts for 2000 operations for three different experiments, 1) power on when opening and closing contacts, 2) power on when closing contacts but off when opening, and 3) power on when opening but off when closing the contacts. The main feature to observe is the minimal amount of removal and deposition when the contacts are opened under power. The data shown in Fig. 11 does not combine such that the opening contacts under power plus closing contact under power equals opening and closing under power. This is under further investigation.
3) Opening Contacts Under Power and Closing Contacts Under Power:
IV. DISCUSSION
The hybrid switch operating under resistive loads does not show any evidence of arcing for more than 300 s. Only microarcing is exhibited. This is also true for the inductive load when that the MOSFET is given time to switch off by opening the series switches at a slower rate. The contact 3-D profiles show evidence of arc erosion with pips and crater formations. Switch S3 has the largest amount of erosion of its contacts followed by switch S1 contacts. There is minimal damage on switch S2 contacts.
Micro-arcing is indicated on the voltage characteristic in Figs. 2 and 4 of the resistive experiments. During the opening operation, micro-arcing is found on switch S1 only with duration of between 1.5-4.0 s. During the closing operation, arcs of up to 50 s are observed on switch S1 when the contacts undergo bouncing events. A longer duration of arcing is also observed on switch S3 on closing.
A. Switch S3 Arc Erosion on Closing
There is no evidence of micro-arcing on opening switch S3 in Fig. 2(a) and (b) . Also, Fig. 11 illustrates that the erosion and deposition of opening switch S3 under power is minimal compared to other switches. However on closing switch S3 there is evidence of arcing in Fig. 2(a) and (b) . The duration is 200 10 s, see Fig. 12(c) and (d) . Fig. 12 is a plot of four graphs showing voltage with time. Fig. 12(a) is a close-up of Fig. 4(b) , the voltage drop across terminals T1 and T3. A second experiment is shown in Fig. 12 The arc appears to develop on switch S3 on closure as the contacts bounce. The two experimental runs shown illustrate that this bounce event can vary in time between 3.3 ms and 3.8 ms, as in Fig. 12 , even though the closure times of switches S3 and S2 are reproducible.
These bounce events need to be eliminated to prevent arcing and thus improve performance of the hybrid switch. The design of hybrid used in these preliminarily tests has not been optimized. To reduce the bounce between the closing contacts the velocity profile of the actuation can be modified, along with mechanical design linking switches S1, S2, and S3. 
B. Switch S1 Arc Erosion on Opening and Closing
There is evidence of micro-arcing on opening and closing switch S1. Fig. 2(b) shows that at the first event there is arcing under the opening operation. Fig. 4(b) shows that there is arcing after each of the four bounce events of switch S1 closing.
On opening the contacts of the hybrid switch, the current travelling through the contacts has to be reduced and directed to the MOSFET part of the circuit. In effect the current through the contacts (and forming the micro-arc) decreases and the current through the MOSFET increases. Fig. 13 is an equivalent circuit of the commutation circuit of the hybrid switch modelling the behaviour of the circuit [8] . This change in current during opening is illustrated in Fig. 13 by . In this paper, the model is used to show that miniaturization of the hybrid device will lead to further reduction in micro-arcing.
A possible method to reduce micro-arcing is to modify this circuit to give a smaller inductance. Reducing the wire lengths between the series switches and the MOSFET arrangement reduces the resistances and , and reduces the inductance ( ) of the equivalent circuit. Therefore the rate of change of the commutation current is affected and is expected to result in a shorter duration of micro-arcing which in turn should lead to less erosion. Equation (1) gives the theoretical relationship (1) Since the voltages and are nearly constant [8] , the arcing time can be expressed as in (2), assuming there is no delay time for switching on the MOSFET (2) The inductance can be calculated as a first approximation from (3), for an inductance of a one-turn coil of wire of thickness (3) Combining (2) and (3) gives (4) where is a constant (4) This term shows that the micro-arc duration is a function of the square of the wire length. Halving the wire length is expected to reduce the micro-arc duration to a quarter. It is expected that the hybrid design presented will be miniaturized to reduce the conduction path and also to reduce the bounce phenomena.
V. CONCLUSION
An experimental prototype dc hybrid switch presented exhibits only micro-arcing under resistive loads. 3-D surface analysis shows that the contact erosion rate is 45 times smaller than that of a conventional switch. The hybrid switch behaves in a similar manner under inductive loads with only micro-arcing. However, the series switches have to be open and closed at a slower rate to enable the MOSFET to switch the load current.
The hybrid switch consists of two groups of components a series of mechanical switches and a MOSFET arrangement. The switch is considered to be a parallel device because under switching conditions the current is bypassed through a parallel MOSFET circuit away from series switches S1 and S2. It should be noted that the isolation switch S3 is in series with the MOSFET arrangement.
The MOSFET is used to bypass the current for a short amount of time during opening or closing, 2-3 ms. Therefore ideally an appropriately low rated MOSFET can be selected for the application.
Improvements in the hybrid switch are proposed to reduce the erosion rate further: a) the reduction in the length of wire leads connecting the components in the switch and b) the minimising of contact bounce.
During the opening operation minimal micro-arcing occurs resulting from the commutation of the load current from the series switches to the MOSFET. Further investigations are underway to reduce this micro-arcing by minimising wiring in the hybrid switch. Consideration will also be given to contact material selection.
Contact bounce is the major course of arcing during closure of the hybrid switch. The series switches are being developed further to reduce bounce.
